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Abstract: Titanium alloy Ti-6Al-4V is known for both its excellent mechanical properties and its
low surface hardness. This study explores a two-step process for depositing a hard nanocrystalline
coating onto the surface of the Ti-alloy, followed by surface melting, which embeds hard nanoparticles
into a thin surface layer of the alloy. The treated surface layer was studied using X-ray diffraction,
scanning electron microscopy, and Vicker’s micro-hardness testing. The results of the study show
that the surface of the Ti-6Al-4V alloy can be successfully hardened by embedding nanosized Al2O3
particles into the surface using gas tungsten arc welding to melt the surface of the material. Surface
melting the Ti-6Al-4V alloy with a 50A welding current produced the maximum microhardness of
701 HV0.2kg. The micro-hardness of the treated surface layer decreased with the increasing size of the
nanoparticles, while the roughness of the surface increased with the increasing welding current. The
heat input into the surface during the surface melting process resulted in the formation of various
intermetallic compounds capable of further increasing the hardness of the Ti-6Al-4V surface.
Keywords: nanoparticles; surface hardening; gas tungsten arc welding; surface melting and alloying
1. Introduction
Titanium alloys find application as a structural material used in the manufacturing of engineered
components that require properties such as excellent corrosion resistance, good strength-to-weight
ratio, toughness, and biocompatibility [1–4]. Titanium alloys are used extensively in industries such as
aerospace, automotive, and biomedical. However, the low surface hardness and wear resistance of
Ti-6Al-4V limits the application to systems not requiring hard, wear-resistant surfaces. The poor wear
resistance of Ti-6Al-4V can be attributed to the inherent properties of the alloy [5,6].
In its pure state, titanium exists as a hexagonal close pack (HCP) crystal structure (α-phase),
which undergoes an allotropic transformation at 882.5 ◦C to a body centre cubic structure (BCC). For
titanium alloys, however, the transformation temperature is dependent on the type of interstitial and
substitutional atoms present in the system. The effect of the alloying element is the stabilization of α
and β phases. The addition of Al, O, N of C causes stabilization of the α phases while the addition
of elements such as V, Mo, Mn, Cr, Ni, resulting in stabilization of the β phase [6]. Hardening of α
and β phases of titanium can be achieved by solid solution strengthening of α phases leading to the
transformation to α’ of α” martensitic structure. The transformation of the β phase, however, leads to
the formation of a metastable structure with improved mechanical properties [7].
For applications requiring wear resistance surfaces, various surface engineering methods have been
employed which to improve the surface hardness and wear resistance of titanium alloys. Techniques
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include carburizing using laser surface processing [8] Physical and Chemical vapour deposition [9],
thermal oxidation [10–12], diffusion related process [13], surface melting and alloying [14]. Among
the various available techniques, surface melting and microalloying have the potential to harden the
surfaces of Ti-alloys without causing significant changes to other mechanical properties within the
material. Carburising and nitriding the surface of titanium alloys have also shown the potential to
improve the surface hardness and wear resistance of the materials [8]. Selah et al. demonstrated that
carburising of the Ti surface using continuous-wave CO2 laser with a maximum power of 3 kW led
to the formation of TiC crystals, which increased the hardness of the alloy surface from 350 HV0.2kg
for the untreated samples to a maximum of 800 HV0.2kg, While this technique has the capability to
improve the mechanical properties of the Ti surface, the equipment used in the process is prohibitively
expensive. Liu et al. [13] demonstrated that gas-phase nitriding under kinetic control of the nitrogen
activity resulted in a doubling of the surface hardness of the Ti sample. Among the available techniques
for improving the hardness of the Ti-6Al-4V alloy is surface melting and alloying using gas tungsten
arc welding (GTAW). The advantages of the GTAW for surface melting titanium alloys is its flexibility
in operation, low energy and material consumption, process precision, and efficiency [14]. GTAW
surface melting and alloying the surfaces of Ti-6Al-4V alloy coated with boron nitride and Ti powder
resulted in a hardness increase in the range of ∼650 HV0.2kg–1000 HV0.2kg. The micro-hardness value
of the fabricated hybrid composite layers was three to five times higher than that of the untreated
substrate [14].
This study explores a novel two-step process which comprises; the electrodeposition of a hard
nanocrystalline coating onto the titanium surface, and surface melting using GTAW. The surface
hardening is achieved by embedding hard nanoparticles into the surface of the Ti-6Al-4V alloy.
Three types of coatings were studied; (1) a Ni/Al2O3 coating containing nano-size alumina particles,
(2) a Ni/Al2O3 + 30 nm diameter TiO2 particles and (3) a Ni/Al2O3 + 250 nm diameter TiO2 particles
were electrodeposited onto the surface of the Ti-6Al-4V alloy. The coated surface of the Ti-6Al-4V alloy
was melted and micro-alloyed using GTAW as a function of welding current. The study demonstrated
a novel way of producing a nanoparticle reinforced composite layer on the surface of Ti alloys. This
technique can be applied to numerous industries.
2. Materials and Methods
A Ti-6Al-4V bar of 16 mm diameter was cut to form disk samples of 5 mm in thickness. The
chemical composition of the sample was measured using energy dispersive spectroscopy (EDS)
(see Table 1). The disks were prepared by grinding progressively on silicon carbide papers from
320 grit to 2500 grit, followed by a final polishing to 1-µm finish and cleaned in an acetone bath. Each
sample was subsequently coated for 10 minutes in a modified Watt’s nickel bath solution containing
nanosized particles. The procedure and constituents of the coating solution and deposition parameters
were discussed previously [15–17]. Three types of coatings were deposited: (i) Ni/Al2O3 containing
40 nm alpha-alumina particle as the base coating 20 g/L; (ii) Ni/Al2O3 containing 40 nm alpha-alumina
particle (10 g/L) and 30 nm TiO2 particles (10 g/L); and (iii) Ni/Al2O3 containing 40 nm alpha-alumina
particle (10 g/L) and 250 nm TiO2 particles (10 g/L). The particle concentration used in each bath is
shown in Table 2.
Table 1. Chemical composition (wt %) of the Ti-6Al-4V alloy.
Alloy Al Mn V Ag Si Fe Ti
Ti-6Al-4V 6.37 0.23 4.33 0.86 0.15 0.03 Bal.
The surface of the coated samples was melted with a MIGATRONIC Pl200 (Migatronic welding
equipment limited, Leicestershire, UK) Gas Tungsten Arc Welder set to 50 A, 75 A and 100 A, respectively
as shown in Table 2. A 1.6 mm diameter, non-consumable, 2% thoriated tungsten electrode was used
with an electrode negative setting and Argon as the shielding gas with a flow rate of 6 L/min. Following
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the treatment process, the sample was quenched in air. The welding electrode was held stationary at
2 mm from the sample surface and a tip angle of 45◦ while the sample traversed at a speed of 2 mm/s.
A modified 3-axis vertical milling machine was retrofitted to carry out the surface melting process,
as shown in Figure 1. The heat input into the material during the surface melting process can be
estimated as [18]:
Heat input = (0.45 I V)/S (1)
where I is the electric current, V is voltage, and S is sample traverse speed. Following the surface
melting process, an abrasive saw section each hardened sample and each haft mounted in Bakelite.
Three samples were prepared for each condition studied. The mounted specimens were prepared
by grinding progressively on silicon carbide papers to 2500 grit, followed by a final polishing to
1-µm finish. Hardness testing of the surface-treated layer was performed using a Leitz Vicker’s
micro-hardness tester (Leitz, Salem, MA, USA). Indentations were made at 100-µm spacing using a
diamond tip indenter to which a 0.2 kg load was applied for 30 s, after which the length of the diagonals
was measured, and the hardness number calculated using Equation (2), where P is the applied load
and D is the average diagonal of the indentation.
HV = (18544 P)/Dˆ2 (2)
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created. Microscopic examination of the treated surface performed using a Leitz optical microscope
and a scanning electron microscopy (SEM) (FEI Quanta 400, Oxfordshire, UK) equipped with an
INCA x-sight x-ray. Quantitative compositional analyses were carried out using energy dispersive
spectroscopy (EDS). While the compounds formed at the surface were identified using a Bruker x-ray
diffractometer (XRD) 2-theta ranging from 10◦ to 80◦ with a measuring time of 1 s per step.
Table 2. Shows the parameters studied.
Parameters Levels Settings
Particle concentration Ni/Al2O3 (20g/L) 40 nm
Ni/Al2O3 + TiO2
(10 and 10 g/L)
40 nm + 32 nm
Ni/Al2O3 + TiO2
(10 and 10 g/L)
40 nm + 250 nm
Welding
current (A) 50 75 100
Heat input (J/mm) 337.5 506.25 675
3. Results and Discussion
3.1. Effect of the Coating Composition
Analysis of the treated surface showed that the composition of the coating deposited and the
magnitude of the welding current or heat input strongly influence the type of microstructures that
formed. Figure 2 shows the SEM micrograph of the uncoated Ti-6Al-4V surface melted with Gas
Tungsten Arc Welding (GTAW) at 50 A and quenched in air. The treated layer consisted of an acicular
type microstructure containing four distinct regions. Each region distinguished by variation in the
composition. The upper surface includes two phases separated by the difference in shade. A similar
microstructure formed in the centre of the treated layer; however, the grain sizes in this region were
larger. The microstructure above the centre of the treated layer also appears to contain a similar
tree-like structure (see Figure 2D). The microstructure below the centre of the treated layer contained
larger grains due to the difference in cooling rates of the two regions (Figure 2E). EDS maps of the
microstructure of the surface melted uncoated Ti-6Al-4V surface, as shown in Figure 2F–H. The dark
grey region was a Ti-rich phase (see Table 3), while the light grey area contained to be a fine-grained
tree-like structure with a high Al concentration (see Figure 2F–H) confirmed that the dark grey
coloured region is Ti-rich. The light-coloured area formed due to the segregation of the Al during the
solidification process.
Figure 3 shows the variation in the microstructure of the Ti-6Al-4V sample, coated with Ni/Al2O3
and surface melted with a welding current of 50 A. The melted region appeared to consist of several
distinct features. The upper section of the treated layer comprised of; a lamellar α+β microstructure
with elongated grains originating from the grain boundaries and projecting vertically upwards towards
the surface of the sample (see Figure 3B). The centre of the treated region is defined by thick light grey
grain boundaries, which are shown by EDS analysis to consist of Ni, Al, and O due to the segregation of
Ni and Al2O3 particles to the grain boundary regions during the surface melting process (see Figure 3D).
The HAZ showed in Figure 3C appears to contain a β-Ti structure with fine grains similar to the pattern
observed at the surface. The presence of the Al2O3 nanoparticles within the Ti-6Al-4V treated layer
facilitates heterogeneous nucleation within the melted region during the solidification process.
Figure 4 shows the SEM micrograph of the Ti-6Al-4V surface layer coated with Ni/Al2O3 coating
containing 30 nm TiO2 particles and melted with a welding current of 50 A. The 0.8 mm thick treated
layer (see Figure 4A) consists of three regions. The microstructure of the upper layer of the treated
zone (see Figure 4B) contained dark grey spherical particles surrounded by two reaction layers rich
in Ni and Ti, as shown by EDS analysis. The second region of interest is the centre of the treated
layer ((see Figure 4D), which contains a brightly coloured area labelled as “d,” containing Ni, which
formed during the melting process. The heat-affected zone (HAZ) appears to contain β-Ti phases
(see Figure 4C) with a small quantity of Ni distributed in this region, as shown by EDS analysis.
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of Ni throughout the 300 µm thick the treated layer (see Figure 5A). The heat-affected zone (HAZ) also
appear to contain a stabilised β phase, due to the volume of nickel present in this region and the shape
of the grains. The nanoparticles appear to have mixed into the treated layer with particle clusters
formed along the top surface (see Figure 5D).
The melting and mixing of Ni into the surface lead to the formation of clearly defined grain
boundaries regions, which highlight the segregation of Ni into these areas (Figure 5C). Mixing and
diffusion led to the formation of various intermetallic compounds (IMC) within the treated layer
as shown in (Figure 5E). The EDS maps provided confirm the distribution of Ni and Al2O3 within
the treated layer. The EDS analysis (see Table 3) showed that the dark grey areas are made up of
predominantly Ti (78.61 wt%) and Al (5.51 wt%) phase while the light grey region contained Ti
(62.55 wt%), Al (2.3 wt%) and Ni (34.1 wt%) by the EDS maps presented in Figure 5C,D.
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3.2. Effect of Welding Current
The impact of the welding current on the microstructure within the treated surface layer was
also studied. Figure 6 shows an SEM micrograph of a Ti-6Al-4V sample that was coated with
electrodeposited Ni/Al2O3 + 250 nm diameter TiO2 particle, melted with 75 A welding current and
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quenched in air. The microstructure of the treated surface layer appeared to contain two phases, which
is defined by a lamellar structure close to the surface of the treated layer. EDS mapping of the surface
melted layer shows that the dark grey phases appear to be Ti-rich regions (see Table 3), while the fine
grain light grey regions appear to contain 6.82 wt% Al and 3.01 wt% Ni. The Presence of Al and O is
likely from the Al2O3 and TiO2 particles that were included in the surface coating before the GTAW
surface melting and alloying.
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image of the treated layer. (B) Particle segregation during the solidification process. (C) Detailed view
of highlighted region-1. (D) Detailed view of highlighted region-2.
The microstructure of the Ti-6Al-4V sample that was coated with Ni/Al2O3 and surface melted
with 100A welding current (see Figure 7) developed a lamellar structure containing two distinct phases.
The two phases included a light grey region labelled-l and a dark grey region labelled “n”. EDS map
of coating cross-section (see Figure 7E–G) showed that this phase contained 23.49 wt% O. While the
dark grey area marked “m” appeared to be a β-Ti phase into which Ni had diffused during the surface
melting and alloying process. The higher welding current used is expected to input a greater quantity
of heat into the Ti-6Al-4V alloy resulting in more liquid formed at the surface of the samples during
the melting process.
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The para eters of the surface elting process were varied, and the i pact on the hardness,
surface texture, and the composition of the surface studied. When the welding current varied between
50 A and 100 A, the results show that while the surface hardness of the samples was similar, the
hardness below the surface decreased with increasing welding current as a function of depth measured
from the treated surface towards the untreated base metal. Several factors are responsible for the
increased hardness of surface melted with 50 A; firstly, the entrapment of un-melted remains of the
coating within the surface resulted in micro-alloying and substitutional strengthening of the upper
layer of the treated surface. Additionally, the nanoparticles appear to remain closer to the surface
of the treated layer due to incomplete melting of the coating. The confocal analyses confirmed the
presence of un-melted remains of the coating trapped in the Ti-6Al-4V surface. The icro-alloying
of i, Al, and O into the surface of the Ti-6Al-4V alloy stabilizes the α-phase, further leading to the
for ation of a artensitic structure [7].
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Table 3. Chemical composition of the various phases formed during the GTAW surface melting and
alloying process.
Phase Ti O Al Ni V
a 89.38 6.95 2.07 - 1.60
b 57.11 38.06 4.83 - -
c 52.51 3.14 3.2 39.44 2.01
d 50.35 7.89 8.34 32.22 2.76
e 62.53 3.15 6.53 35.18 1.09
f 83.9 - 4.48 7.49 4.14
g 82.29 - 4.03 9.85 3.83
h 78.61 1.92 5.51 10.22 3.74
i 62.55 - 2.3 34.10 1.04
j 90.6 6.49 1.79 - 1.13
k 85.06 - 6.82 3.01 5.12
l 76.35 1.92 5.51 12.22 4.74
m 62.53 - 2.3 35.18 1.09
3.3. XRD Analysis
XRD analysis of the surface-treated Ti-samples determined the impact of coating type and welding
current on the phases that form at the Ti-6Al-4V surface. Figure 8 shows the XRD spectra of Ti-6Al-4V
samples coated with Ni/Al2O3 containing 250 nm diameter TiO2 particles as a function of welding
current. The XRD spectra show four compounds; Ti2Ni, TiO2, TiNi, and Ni/Al2O3 formed at the
surface, driven by the melting and mixing of the electrodeposited coating and the Ti-6Al-4V when
the coating composition was varied. Similar compounds formed at the surface of samples, as shown
in Figure 9. However, the intensity of the peaks for TiO2 and Ni/Al2O3 spinals appeared to have
increased. Additionally, the peak for the Ti2Ni compound, which occurred at 35o, appears to decrease
with the increasing welding current.
The XRD analyses of the Ti-6Al-4V treated layer showed the presence of three compounds at
the surface: TiNi, Ti2Ni, and Ni/Al2O3. Evaluation of the Gibbs free energy of reaction formation
indicates that the order of formation of the compounds is likely; Ti2Ni (72,985.9 J/Mol), followed by
TiNi (61,595.3 J/Mol) [19]. The possible exothermic reaction during the surface melting and alloying is
showing the following equation [20] with the sequence of formation following the same order.
Ti+Ni→TiNi+67 kJ/Mol
2Ti+Ni→TiNi+83 kJ/Mol
3Ti+Ni→TiNi+140 kJ/MolJ. Manuf. Mater. Process. 2020, 4, x FOR PEER REVIEW 11 of 16 
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Hardness tests evaluated the variation in the micro-hardness across the treated surfaces. Figure 
10 shows the surface hardness of the Ti-6Al-4V samples as a function of coating type and welding 
current. When the influence of the coating type on the surface hardness was studied, the results show 
that the average hardness at 100 μm below the treated surface was similar for all three types of coating 
investigated. However, as the depth increase towards the untreated regions of the Ti-basemetal, the 
average hardness appeared to decrease with increasing TiO2 particle size. The sample coated with 
Ni/Al2O3 had the best overall performance with hardness varying between 701 HV0.2kg and 590 HV0.2kg 
followed by the Ni/Al2O3 coating containing 30 nm TiO2 particles with hardness varying between 701 
HV0.2kg and 351 HV0.2kg for a similar depth of 1 mm. 
When the samples were compared based on welding current, the results show that the average 
hardness across the range of welding currents decreased as the welding current increased. Samples 
that were surface melted with 50 A, welding current, had the best performance across the distance 
tested (see Figure 10B).  
Evaluation of the relationship between changes to the composition of the coating deposited unto 
the Ti-6Al-4V surface and the properties of the treated surface layer showed that the average surface 
hardness of the treated layer decreased with increasing TiO2 particle size. The Ni/Al2O3 coating 
provides the best surface hardness of the treated layer, which may have resulted in grain refining, 
solid solution, and dispersion strengthening [21].  
Figure 8. XRD analysis of Ti-6Al-4V samples coated with Ni/Al2O3-250 nm TiO2 coating and surface
melted as a function of welding current.
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Figure 9. XRD analysis of Ti-6Al-4V samples electroplated with three different coatings and surface
melted with GTAW.
3.4. Hardness
Hardness tests evaluated the variation in the micro-hardness across the treated surfaces. Figure 10
shows the surface hardness of the Ti-6Al-4V samples as a function of coating type and welding current.
When the influence of the coating type on the surface hardness was studied, the results show that
the average hardness at 100 µm below the treated surface was similar for all three types of coating
investigated. However, as the depth increase towards the untreated regions of the Ti-basemetal, the
average hardness appeared to decrease with increasing TiO2 particle size. The sample coated with
Ni/Al2O3 had the best overall performance with hardness varying between 701 HV0.2kg and 590 HV0.2kg
followed by the Ni/Al2O3 coating containing 30 nm TiO2 particles with hardness varying between
701 HV0.2kg and 351 HV0.2kg for a similar depth of 1 mm.
When the samples were compared based on welding current, the results show that the average
hardness across the range of welding currents decreased as the welding current increased. Samples
that were surface melted with 50 A, welding current, had the best performance across the distance
tested (see Figure 10B).
Evaluation of the relationship between changes to the composition of the coating deposited unto
the Ti-6Al-4V surface and the properties of the treated surface layer showed that the average surface
hardness of the treated layer decreased with increasing TiO2 particle size. The Ni/Al2O3 coating
provides the best surface hardness of the treated layer, which may have resulted in grain refining, solid
solution, and dispersion strengthening [21].J. Manuf. Mater. Process. 2020, 4, x FOR PEER REVIEW 12 of 16 
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random configuration; however, the results show that the surface contained un-melted remains of 
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Figure 10. Hardness profile of the surface hardened Ti-6Al-4V alloy (A) as a function of coating
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3.5. Surface Morphology
Figure 11 shows the impact of the coating composition on the surface morphology of the Ti-6Al-4V
sample and surface melted with a 50 A welding current. The surface texture appears to follow a
random configuration; however, the results show that the surface contained un-melted remains of the
coating deposited on the surface at the beginning of the process. The volume of coating remaining after
the surface treatment may be attributed to the low energy input into the surface during the surface
melting process using a welding current of 50 A. Additionally, the roughness of the surface appears to
decrease with increasing TiO2 particle size from 41.65 µm when the Ni/Al2O3 coating was applied to
7.49 µm when the Ni/Al2O3 +250 nm TiO2 particles (see Figure 12).
The surface map presented in Figure 12 shows the high spots on the treated layer, while the 3D
images show the variation of the heights of the asperities present on the surface of the treated samples.J. Manuf. Mater. Process. 2020, 4, x FOR PEER REVIEW 13 of 16 
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welding current of 100 A. 
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increasing welding current. The changes observed at the Ti-6Al-4V surface with higher current 
settings were attributed to greater heat input into the surface at higher current. The higher heat input 
resulted in significant melting and roughening of the Ti-6Al-4V surfaces. Higher heat input may 
cause lower viscosity of the melt, which would allow heavier particles to settle to the bottom of the 
weld pool [22,23] or segregated to form isolated particle clusters due to the flow of the molten surface 
layer. 
Figure 11. Confocal micrographs of the morphology of the treated Ti-6Al-4V surfaces coated with
Ni/Al2O3 containing 30 nm diameter TiO2 particles as a function of (A) Ni/Al2O3 particles, (B) Ni/Al2O3
+ 30 nm TiO2particles and (C) Ni/Al2O3 + 250 nm TiO2 particles.
Figure 12 shows confocal micrographs of the surfaces of the Ti-6Al-4V alloyed coated with
Ni/Al2O3 containing 250 nm TiO2 particles and tested as a function of the GTAW current. The results
show that the surface produced with 50 A contained un-melted remains of the electrodeposited coatings.
When the welding current was increased to 75 A and above (see Figure 12B), the entire coating
was melted and mixed into the treated layer. Finally, the surface melted with 100 A (see Figure 12C)
had a consistent pattern of diagonal grooves covering the surface of the sample. The confocal surface
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maps confirms the variation in surface topology with a change in distance measured from the centre of
the samples. The result shows that the surface roughness of the samples increased with increasing
welding current from 19.72 µm for sample melted with a GTAW current of 50 A to 46.67 µm for welding
current of 100 A.
Analysis of the surface morphology also showed that the surface roughness increased with the
increasing welding current. The changes observed at the Ti-6Al-4V surface with higher current settings
were attributed to greater heat input into the surface at higher current. The higher heat input resulted
in significant melting and roughening of the Ti-6Al-4V surfaces. Higher heat input may cause lower
viscosity of the melt, which would allow heavier particles to settle to the bottom of the weld pool [22,23]
or segregated to form isolated particle clusters due to the flow of the molten surface layer.J. Manuf. Mater. Process. 2020, 4, x FOR PEER REVIEW 14 of 16 
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Figure 12. Confocal micrographs of the morphology of the treated Ti-6Al-4V coated with Ni/Al2O3,
including 250 nm diameter TiO2 particles and melted as a function of welding current: (A) 50 A,
(B) 75 A and (C) 100 A.
4. Conclusions
This study evaluated the potential of micro-alloying and surface hardening Ti-6Al-4V alloy using
a novel two-step process. The Ti-6Al-4V alloy was electrodeposited with a nanostructure coating
and surface melted using GTAW. e melting and subsequent solidification of the Ti-6Al-4V s rface
embeds the nanoparticles into the Ti-6Al-4V surface.
1. The results of the study showed that the hardness of the treated layer of the Ti-6Al-4V surface
could be successfully improved by embedding ceramic nanoparticles into the surface layer.
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2. The treated layer with the maximum hardness corresponded to the sample surface melted with
50 A welding current.
3. The Ni/Al2O3 coating was more effective at doubling the surface hardness. The hardness of the
surface layer decreased with the increasing size of the nanoparticles.
4. The morphology of the surface is significantly affected by the welding current and coating
composition. Surface roughness increased with welding current and decreased with increasing
particle size.
5. The heat input into the surface during the surface melting process resulted in the formation of
various intermetallic compounds capable of increasing the hardness of the Ti-6Al-4V surface layer.
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